A new chromophore, 2-(4-nitrophenyl)benzofuran (NPBF), was designed for two-photon (TP) uncaging using near-IR light. The TP absorption (TPA) cross-sections of the newly designed NPBF chromophore were determined to be 18 GM at 720 nm and 54 GM at 740 nm in DMSO. The TP uncaging reaction of a caged benzoate with the NPBF chromophore quantitatively produced benzoic acid with an efficiency (d u ) of B5.0 GM at 740 nm. The TP fragmentation of an EGTA unit was observed with † Electronic supplementary information (ESI) available: Experimental section, compound characterization and computational details. See
d u = 16 GM. This behavior makes the new chromophore a promising TP photoremovable protecting group for physiological studies.
Caged compounds 1 have attracted considerable interest in physiological studies, e.g. in neuroscience, due to their many applications. [2] [3] [4] [5] These compounds, in which biologically active molecules are inactivated by photoremovable protecting groups (PPGs), 6 can uncage (=release) bioactive molecules upon photolysis ( Fig. 1) . 4 Spatial and temporal control of the uncaging process allows detailed investigation of the role of bioactive molecules in vivo.
Two-photon absorption (TPA) by near-IR irradiation of light (approximately 700-1300 nm) has been increasingly used for photolysis in biological studies because most living tissues have low absorption and scattering in this wavelength region. 5, 7 In addition, TPA enables spatially selective excitation of a small volume near the focal point of the laser beams. Thus twophoton (TP) excitation affords uncaging with higher spatial resolution, less photodamage to cells and tissues, and deeper penetration depth than one-photon (OP) excitation processes. 5,7 However, to work under the physiological conditions, a high uncaging efficiency is required. This efficiency is defined as the uncaging quantum yield (f u ) multiplied by the excitation probability. 8 The excitation probability can be expressed using the molar extinction coefficient (e) for OP excitation or using the TPA cross-section (s 2 ) for TP excitation. From this convention, TP-efficiency (d u = f u s 2 ) has the same units as the TPA cross section (GM). For biological applications, the minimum d u threshold value currently accepted is 3 GM. 9,10 This calls for development of biocompatible caged compounds with a sizeable d u to ensure efficient release with tissue-permeable near-IR irradiation, providing valuable targets for applications in in vivo physiological studies.
Several PPGs with TPA character (TP-PPGs) have been reported so far. 11, 12 For instance, in 2006, Ellis-Davis and co-workers reported a nitrodibenzofuran (NDBF) skeleton with a planar biphenyl structure (Fig. 2) . A caged calcium with the NDBF chromophore has a high e (18 400 M À1 cm À1 ) and f u (0.7) in the OP excitation process, 12 but a low d u (B0.6 GM) in an aqueous buffer solution at 720 nm photolysis. Such a small d u is not surprising, given that NDBF has a dipolar character with an OPA maximum at 331 nm, 13 that predicts the lowest energy TPA maximum near 660 nm, far away from 720 nm. 14a This prompted us to design a new chromophore having a red-shifted absorption band.
The extension of the p-conjugation system is an efficient way to bathochromically shift the absorption maximum and also improve the TP properties of chromophores. 15 At the same time, one may want to retain a simple synthetic scheme.
In our previous study, 16 a stilbene skeleton was chosen for its inherently high TPA cross-section of 12 GM at 514 nm, in spite of its small p-conjugated portion. 17, 18 To avoid cis-trans isomerization in the excited state, the 1,2-dihydronaphthalene cyclic structure was chosen for the TP-uncaging reaction. 16 We report herein the design and synthesis of a new TP-PPG with a 2-(4-nitrophenyl)benzofuran (NPBF) chromophore. The dipolar character of the donor-p-acceptor skeleton with a cyclic stilbene structure is promising to increase the TPA crosssection ( Fig. 2) . 14, 15 For comparison, the TP uncaging reaction of a caged benzoate 5 with NPBF is also investigated under irradiation in the 700-760 nm range.
First, the OPA and TPA spectra of the parent NPBF were computed at the TD-B3LYP/6-31G*//HF/6-31G* level of theory and compared with those of the NDBF core (Fig. 2 ). This level of theory has been shown to provide good predictions for structure-TPA relationships. 14a A detailed discussion of the accuracy of the calculated TPA cross sections can be found in the ESI. † As expected, the extended p-conjugation system of the NPBF chromophore led to a sizable TPA cross-section of about 150 GM at a longer wavelength of approximately 700 nm in gas phase. 19 On the other hand, the NDBF chromophore showed a relatively small TPA cross-section of about 50 GM at a shorter wavelength of about 600 nm. The NPBF calculations prompted us to synthesize the caged benzoate 5 and investigate its TP photochemical reactivity. To compare the TP uncaging reaction of the NPBF chromophore with the NDBF chromophore, caged benzoate 8 was also prepared.
The syntheses of caged benzoates 5 and 8 are summarized in Scheme 1. The key intermediate 1-(5-bromo-2-nitrophenyl)ethane-1-ol 3 was prepared using a modified method from our previous work, starting with 3-bromoaceto-phenone 1. 16 Next, 1-(5-(benzofuran-2-yl)-2-nitrophenyl)ethane-1-ol 4, a compound exhibiting a rigid stilbene structure, was synthesized in 95% yield by reacting 3 with commercially available 2-benzofuranboronic acid through a Suzuki-Miyaura cross-coupling. 20 1-(3-Nitrodibenzo[b,d]furan-2-yl)ethane-1-one 6 was prepared according to a previously reported synthetic method, 12 and was then rapidly reduced with NaBH 4 to provide the corresponding alcohol 7, exhibiting a NDBF core. Finally, the benzoic acid (BA) moiety was introduced to alcohols 4 and 7 to provide the caged benzoates NPBF-BA 5 and NDBF-BA 8 in 64% and 56% yields, respectively. 21 The absorption spectra of 5 and 8 were measured in DMSO ( Fig. S14, ESI †) . The absorbance maxima of 5 and 8 were found at 364 nm (e = 12 000 M À1 cm À1 ) and 320 nm (e = 9000 M À1 cm À1 ), respectively. The red shift and increased absorbance of 5 were found to be consistent with the theoretical predictions.
The photolytic release of carboxylic acid 22 from compounds 5 and 8 was investigated by irradiation with a Xe-lamp at 360 AE 10 nm in DMSO-d 6 ( Fig. 3 and 4) . The reaction was monitored using 1 H NMR (400 MHz). The NMR signals of benzoic acid in the aromatic region are shown in Fig. 3e and 4e , with the overall time evolution of the reaction demonstrating a quantitative uncaging, larger than 90%. The uncaging quantum yields f u were determined in DMSO using the photochemical actinometer ferrioxalate coupled with high-performance liquid chromatography (HPLC), which led to values of 0.09 and 0.21 for 5 and 8, respectively. Although the reported uncaging quantum yield of NDBF-EGTA 12 is 0.7, that of the measured NDBF-BA species is 0.21, despite having the same core. This indicates substituent effects on the benzyl position of the o-nitrobenzyl caging groups. 4 The OP photochemical efficiency (e 360 Â f u ) of the uncaging reaction of 5 (e 360 = 12 000) at 360 nm was 1080, which was nearly the same as the value of 1071 obtained for 8 (e 360 = 5100).
The TPA cross-sections of the parent cores of NPBF and NDBF were measured at 720 nm by the Z-scan method, in which the sample was moved along the path of the laser beam and the light intensity was measured by a detector as a function of its position on the Z-axis. 23 Values of 18 AE 3 and 6 AE 1 GM were obtained for the NPBF and NDBF cores, respectively, at 720 nm in DMSO. Detailed information for the determination of the values can be found in the ESI. † TP photolysis of 5 and 8 was carried out in DMSO using 700, 710, 720, 730, 740, 750, and 760 nm light from a Ti:sapphire laser (pulse width 100 fs, 80 MHz) emitting at an average of 700 mW. The consumption of 5 and 8 and the production of benzoic acid upon photolysis were monitored by HPLC (Fig. 5) .
As shown in Fig. 5 , the TP-uncaging rates were found to vary depending on the excitation wavelength. The fastest rate of 5 (k 740 = 9.4 Â 10 À6 s À1 ) was found at 740 nm while that of 8 was at 700 nm (k 700 = 8.0 Â 10 À6 s À1 ). The data show the improved performance of the NPBF structure in 5 for the new chromophore. The other rate constants of TP uncaging reaction of 5 and 8 were measured in similar ways using near-IR photolyses (Fig. 5) .
The rate constant of 5 at 720 nm was 3.1 Â 10 À6 s À1 (Fig. 5a ), about one third of the value that was observed at 740 nm. Since the absolute value of the TPA cross-section of the NPBF core was 18 GM at 720 nm, the corresponding value at 740 nm can be extrapolated to be about 54 GM. This would give a d u value of 5.0 GM (54 GM Â 0.09), which is higher than the threshold value of d u 4 3 GM. 9, 10 The TPA spectra of 5 and 8 over a wavelength range of 700-760 nm were extrapolated based on the TPA cross-section values at 720 nm of the two species (Fig. 6 ). The new NPBF species clearly shows highly improved TPA in the near-IR region when compared to the previously reported NDBF derivatives.
The new TP-PPG-NPBF chromophore was successfully applied for the photochemical decomposition of ethylene glycol tetraacetic acid (EGTA) derivative NPBF-EGTA 9 (Fig. 6b) . The EGTA unit is important for caging Ca 2+ . 12, 24 The TP-induced fragmentation of the EGTA unit was observed with d u = 16 GM (f u = 0.3) at 740 nm in benzene ( Fig. S17 and S18, ESI †).
In conclusion, a new NPBF chromophore with TPA capability was designed and synthesized. A simple increase in the p-conjugation length and donating ability led to a bathochromic shift and a significant increase in TP sensitivity. The OP photolysis of 5 showed the quantitative release of benzoic acid with a high uncaging efficiency ef u = 1080 at 360 AE 10 nm. Meanwhile, TP uncaging of 5 using near-IR light quantitatively produced benzoic acid with an efficiency of 5.0 GM at 740 nm, corresponding to a TPA cross-section of 54 GM. Furthermore, TP photolysis of 9 was found to induce the decomposition of the EGTA structure. This behaviour is superior to that of the NDBF derivatives, and makes it a promising TP-PPG, suggesting potential applications in physiology and neuroscience.
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